Abstract. In situ beam attenuation and chlorophyll fluorescence were correlated with concentration and bulk composition of particles in shelf waters during summer and spring under different physical forcing conditions to determine if optical parameters could be used as an additional tracer in examining the process of mixing in shelf waters. Time series measurements were made for two 18 day periods during high stratification (late summer 1996, AIJ t = -3.0 kg m '3 surface to bottom) and low but rapidly developing stratification (spring 1997, AIJ t = 0.05 tO 0.5 kg m -3) in 70 m of water in a midshelf environment south of Martha's Vineyard, Massachusetts. When defined by hydrography and optical profiles, four layers were identified during the summer: the surface mixed layer, the particle/chlorophyll maximum, the midwater particle minimum, and the bottom nepheloid layer. Fast moving solitons perturbed the water column briefly, but no storms perturbed the system until large surface swells from Hurricane Edouard intensified and thickened the nepheloid layer. Bulk composition and optics of particles in and above the nepheloid layer were distinctly different after the passage of Hurricane Edouard. The hurricane passage demonstrated that intense atmospheric forcing greatly influences both hydrographic and optical properties in the entire water column, even when highly stratified (Ao t = -3.0 kg m -3, decreasing to 0.8 kg m -3 post hurricane), and causes massive resuspension, due initially to wave shear stress that was later dominated by current shear. Restratification progressed rapidly after the hurricane passed. During spring the water column started as a weakly stratified two-layer system hydrographically and optically but evolved into three layers as stratification developed. Strong spring storms aff•ted both surface and bottom layers but with decreasing impact as the water column stratified.
summer to tens of meters in winter. The bottom boundary layer or bottom mixed layer is affected by drag forces as water moves along the bottom or is mixed by wave energy penetrating to the seafloor [Butman, 1987] .
The distribution of particles in the water column depends o n (1) biological processes that form and destroy particles: primary and secondary production, respiration, and remineralization; (2)physical processes that introduce particles: advection from riverine sources and resuspension of bottom sediments; and (3)physical and biological processes that redistribute particles' mixing, advection, aggregation/ disaggregation, biological packaging, and sinking. As a result, particles in surface waters away from rivers are usually dominated by biological material, and particles in bottom waters are dominated by resuspended sediments and detritus settled from surface waters [Meade et al., 1975 A bottom mixed layer can be identified as a zone of constant temperature or density [Armi and D'Asaro, 1980] and is often associated with a nepheloid layer whose thickness may or may not correspond to the bottom mixed layer thickness at a given time depending on the history of resuspension, particle settling, and hydrodynamics of bottom waters [Armi, 1978] . Sediment moves along the bottom when the bed shear stress ('ct,' a function of currents, internal waves and surface waves) [Miller et Property-property plots of bulk particle composition reveal information about the source and abundance of particles within the water column. It is impractical, however, to take sufficient water samples to characterize rapidly changes in particle composition in the water column. Fortunately, the composition of particles in water determines the inherent optical properties of water (attenuation, absorption, scattering, and fluorescence). Inherent optical properties are a function of the size, shape, composition, internal structure, index of refraction, and size distribution of particles in the water [Zaneveld, 1973] , so a change in the correlation between particle and optical properties in time or space signals a change in the type and perhaps the source of particles within a water mass and provides information about mixing or particle dynamics. Thus we can rapidly assess particle properties in the water column by making continuous profiles of inherent optical properties using instruments interfaced with a conductivitytemperature-depth profiler (CTD) [Pak and Zaneveld, 1977 ' Gardner et al., 1985 , 1993 ' Pak et al., 1988 Siegel et al., 1989 ]. Because of the large dynamic range of optical properties, detailed profiles may help to verify effects of mixing identified from hydrographic data.
Changes in optical properties often occur at the same depth as changes in temperature or salinity, such as at the base of the surface mixed layer or the top of the bottom mixed layer. In fact, the simultaneous change in optical and physical properties substantiates the zone of most recent mixing. However, a correlation between bulk properties of particles and optical parameters may or may not change at the depths of hydrographic/optical changes depending on the source of particles and the mixing history of the water. For example, the depth of the euphotic zone, often defined as the depth of penetration of 1% of the photosynthetically available radiation (PAR) at the sea surface, usually exceeds the depth of the surface mixed layer. Thus biological particles can be produced throughout the euphotic zone and may generate a layer with similar optical and bulk properties whose thickness does not match that of the hydrographic (mixed) layer.
Particles are continuously settling through the water, affecting the composition and distribution (concentration) of particles and their optical response. As a result, the bulk particle composition/optical property correlation in midwater may mimic that in surface waters unless the organic matter is significantly remineralized. Seasonal evolution, deep winter mixing, and storm events can transport or mix surface particles downward or resuspended bottom sediments upward, introducing particles into midwater that are similar in composition to those in surface or bottom waters. The net effect is that layers can be identified on the basis of hydrography, optics, or particle/optical properties, but their boundaries will change on hourly to seasonal timescale s as a result of mixing, internal waves, and lateral advection. 
Most of the beam attenuation signal in optical profiles

Methods
Instrumentation
Two CMO cruises focused on time series optics and turbulence measurements for 18 days during summer and spring (August 19 to September 9, 1996, aboard R/V Seward Johnson and April 20 to May 9, 1997, aboard R/V Knorr). Each day, 1-3 consecutive CTD profiles were made morning, noon, and evening at the same location in the center of the CMO study site. A profiling CTD included a SeaTech transmissometer, light backscattering sensor (LSS; spring cruise only), and fiuorometer to provide beam attenuation, light backscattering, and chlorophyll fluorescence measurements. In addition, two transects of stations were made across the shelf to the shelf break in the summer, and one transect was made in the spring to extend our spatial coverage. Water samples were analyzed for bulk composition of PM concentration, particulate organic carbon (POC) concentration, and chlorophyll a and were correlated with beam attenuation and chlorophyll fluorescence. The optical and particle data were combined with hydrographic data and constitute the focus of this paper. All times reported in this paper are local times (UT minus 4 hours) to maintain the context of the local solar cycle. 
Physical Measurements
Temperature and salinity data were acquired with a SeaBird 911+ CTD and were binned at 0.5 m intervals. No nighttime hydrocasts were made because the ship was utilized for turbulence measurements during that time. To fill in the nighttime gaps for the summer cruise, data from a microstructure profiler 
where K c is the slope of the regression and is a function of particle type, size, and refractive index. The slope may change with depth through the water column as particle types and was used as c w even though it was not particle free. 
The
Discrete Water Samples
Water samples were obtained at six depths including the surface mixed layer, chlorophyll maximum, particle minimum, and bottom nepheloid layer. Particulate matter was filtered by in-line vacuum filtration (0.5 atm)by drawing 1-4 L through 47 mm preweighed 0.4 #m Poretics filters. Samples were rinsed with three aliquots of deionized water, dried, reweighed, and corrected using wash blanks. suggests distinctly different particle types and greater mixing and uniformity of particle composition within each layer of the weakly stratified water column. Correlations were poor for ct,/POC, cp/chlorophyll, PM/POC, and chlorophyll/POC, even though the data were subdivided at the base of the highchlorophyll zone (Figures 2-4) . The primary trend was that chlorophyll and POC concentrations were higher in surface waters because of higher biological productivity near the surface. Fluorescence and chlorophyll seemed to be similarly correlated at all depths, so all data were included in a single regression for each cruise (Figures 3a-3c and in cp versus POC (Figures 2d-2f ).
Chlorophyll concentrations were 2-3 times greater in spring than in summer throughout the water column (Figure 3) . A strong relationship was seen between chlorophyll and fluorescence during both time periods, though there was more scatter in the data in spring than in summer. We speculate that the increased scatter may indicate greater variance in community structure and photoadaptation during an active bloom than occurs in late summer. The bulk chlorophyll/fluorescence relationship showed little change with depth.
In correlating POC and PM data with beam ct, it was apparent that at least two particle populations were necessary to explain the data distribution: particles from above and below the chlorophyll layer in both seasons (Figure 2) . The change in correlations between layers results from a change in particle and may explain the difference. We were able to observe the effects of large internal waves during CTD casts when temperature and salinity were offset by as much as 10 m in <30 min (Figure 14) . 
Summary and Conclusions
The extreme conditions of (1) low stratification during the spring onset of warming punctuated with frequent storms and (2) the highly stratified summer period punctuated with the passage of Hurricane Edouard provided an ideal setting for comparing bulk particle characteristics and optical signals under a wide range of physical mixing conditions and biological productivity.
On the basis of hydrography and optics the spring water column was a weakly stratified two-layer system that developed into a three-layer system early in the cruise and probably persisted through the summer. Changes in hydrographic parameters (T, $, and %) were usually matched by changes in optical parameters (cv, LSS, and F1), e.g., at the base of the surface mixed layer and at the top of the BML. The boundary of the surface layer corresponds with the base of the chlorophyll layer (not the MLD). The boundary of the bottom layer corresponded with the top of the bottom nepheloid layer, which usually corresponded with the BML. The optical characteristics of particles in surface waters varied significantly between summer and spring (Figures 2-5) . However, during both time periods, particles in surface waters were primarily biological in origin. Property-property plots of bulk particle (POC, PM, and chlorophyll) and optical (beam c• and scattering) parameters provide more information for identifying layers with different particle types than optical profiles alone. Particles in surface layers were distinctly different from those in bottom waters in most property-property plots but not in others. In midwaters the particle/optical parameters overlapped with particles in surface or bottom layers, depending on the time of year and mixing history, because particles in this region may have come from either the surface via settling or the bottom from resuspension. The use of multiple compositional or optical parameters makes the identification of different layers more reliable. For example, beam cv was well correlated with PM in surface and bottom layers, but the beam cp:PM ratio differed by a factor of 3 for different layers and times, making it impossible to predict particle concentration without taking some bulk water samples. POC concentrations were even less predictable because of multiple sources of particle types. The various ratios involving cv or LSS depend on both the index of refraction of the particles and their size distribution. Other parameters such as POC/PM tell us nothing about size distribution but are an indication of the expected index of refraction of the particles (organic matter has a lower index of refraction than nonbiogenic particles). The combination of parameters can thus be used to assess at least qualitatively both index of refraction and particle size distribution (Twardowski et al., submitted manuscript, 2000) .
In the summer the resuspended sediment was generally confined to the BML until prehurricane surface swells and the passage of Hurricane Edouard resuspended large amounts of surface sediment and transformed the water column from wellstratified to a weakly stratified, two-layer mixed system. Particle concentrations decreased rapidly throughout the water column after the hurricane passed, but this appears to be due to advection more than to local particle settling. On the basis of optical and bulk particle parameters (Figures 2-5) , there was also a change in the bulk composition and optical properties of particles throughout the water column before and after the hurricane as well as between summer and spring.
The concentration of particulate material in the upper 40 m of the water was roughly comparable in spring and summer (prehurricane), whereas the bottom 20 m contained at least twice as much particulate matter in summer than in spring, presumably because of more active resuspension. Chlorophyll concentrations were 2-3 times higher in spring because of bloom conditions. Maximum chlorophyll (and beam cv) was in surface waters in spring but formed a subsurface maximum in summer. Chlorophyll was more evenly distributed throughout the entire water column during the first portion of the cruise (Plate 6). As stratification increased, the chlorophyll levels in the deeper waters declined considerably.
The mooring data [Chang and Dickey, this issue] suggested that the hurricane nearly mixed the water column top to bottom, but by the time our ship returned 2 days after the hurricane, there was a weak two-layer system, with each layer still fairly well mixed (Plate 4). Surface temperature dropped >6øC, and the subsurface chlorophyll maximum nearly disappeared. However, 2 days after the hurricane, the MLDs were the same as they were prior to the hurricane, evidence of rapid posthurricane restratification (Plate 4 and Figure 8 ). In contrast, stratification in the spring was very weak, so winds of similar magnitude during the spring storms deepened the surface mixed layer, which quickly shoaled after the storm passed and solar heating stratified surface waters. The depth of mixing decreased as the seasonal pycnocline developed.
Although the local winds were of similar magnitude during the hurricane and spring storms, the wave height was nearly 50% larger during the hurricane than during spring storms. The degree of bottom resuspension was substantially less during spring storms than during the hurricane (Plates 4 and 6). Bottom currents and shear stress increased after the spring storms passed, but no wave shear stress measurements were obtained during that period for comparison with the hurricane period. The increased shear appears to have caused brief periods of resuspension during the spring storms, but the increases in PM were generally small and confined near bottom compared with resuspension during the hurricane. We suggest the difference was related to the longer-period waves during the hurricane, which generated very large bed shear stresses and were later dominated by current shear stress. The presence of bacterial mats binding surface sediments may have been partially responsible for the lower degree of resuspension in the spring.
If we can extrapolate an annual cycle from these two data sets, it appears that during the winter, resuspended sediment could be spread throughout the water column [Orr and Hess, 1978] and remaining biogenic particles could be similarly distributed. With the onset of stratification the sources of particles in the surface layer were primarily biogenic. Resuspended particles that are mixed upward may bring particulate matter into the middle water, during which times the composition of particles would be similar to those in bottom waters. Further stratification inhibits the upward mixing. Without resuspension the only source of particles in middle water is from biogenic particles settling from surface waters, so the optical properties tend toward those in surface waters. However, particle and optical properties change as particles are consumed, recycle, aggregate, and settle. While particles are not conservative, they are useful tracers of shortterm events. Their distribution can be determined rapidly with optical instruments, but measurements of bulk particle properties aid significantly in defining layers of particles of similar origin, which result from the combined effects of biology, physical forcing, and particle dynamics.
